Parabens are used extensively in personal care products; however, their estrogenic properties have raised concern over risks to human health. High levels of total parabens, mainly as conjugates, have been reported in human plasma/serum, with limited data on native parabens. Our objective was to assess and link plasma concentrations of native common parabens to self-reported use of personal care products in women from the general population. The information was obtained from an extensive questionnaire on diet and lifestyle previously answered by the women in the NOWAC study. Plasma samples from 332 individuals were extracted and cleaned up by automated solid phase extraction and analyzed by ultra high performance liquid chromatography time-of-flight mass spectrometry. Native methyl paraben dominated and was detected in 63% of the samples, with a median level of 9.4 ng/ml. Ethyl paraben (median o3 ng/ml) and propyl paraben (median o2 ng/ml) were detected in 22 and 29%, respectively. Butyl and benzyl parabens were not detected. For the first time, elevated levels of native parabens are reported in women from the general population. The concentrations were significantly associated with the use of skin lotions, indicating that frequent (daily or more) use maintain elevated concentrations despite the parabens short half-lives. These findings clearly emphasize the need to study potential health effects in the general population.
Introduction
The alkyl esters of p-hydroxybenzoic acid, the parabens, are widely used as antimicrobial preservatives, where the antimicrobial activity increases with the alkyl chain length from methyl to n-butyl. The parabens are popular preservatives; for example, in personal care products (PCPs), pharmaceuticals and food and beverages, because of their low toxicity and cost, their broad inertness, and their worldwide regulatory acceptance (Elder, 1984; NTP, 2005; Soni et al., 2005; Andersen, 2008) . Methyl (MP) and propyl (PP) parabens are by far the most used within this class of chemicals (Andersen, 2008) . In PCPs, the permitted content of an individual paraben is limited to 0.4% (by volume) and the total paraben content may not exceed 0.8% (EU cosmetics directive 76/768/EEC).
Most studies have indicated that parabens are not mutagenic (Elder, 1984) , but have been shown to bind to estrogen receptors from different animal species, including rodent uterus (Routledge et al., 1998; Perkins and Sheehan, 2000; Fang et al., 2001 ) and MCF/breast cancer cells Darbre et al., 2002 Darbre et al., , 2003 . Having the ability to bind to estrogen receptors, parabens might cause health effects at much lower concentrations and more specific than through non-receptor-mediated mechanisms. Further, the presence of parabens in human breast tumors (Darbre et al., 2004) have initiated a debate regarding their use in cosmetics and the incidence of breast cancer. Parabens have also been associated with genotoxicity, allergies, and antiandrogenic activity (Cashman and Warshaw, 2005; Darbre and Harvey, 2008) .
Following exposure and adsorption, parabens are rapidly metabolized (the biological half-life is less than 24 h) to facilitate urinary excretion (Okereke et al., 1993; Kadry et al., 1995; Moss et al., 2000; Vokel et al., 2002; Ye et al., 2006) . The parabens are converted to p-hydroxybenzoic acid by estereases present in the skin (phase I metabolism) or to a glycine, sulfate, or glucuronide conjugate (phase II metabolism) in the liver (Soni et al., 2005) . p-Hydroxybenzoic acid is considered a weaker estrogen agonist than native parabens (Darbre and Harvey, 2008) ; however, the estrogenic agonist properties of the phase II metabolites are not known. Recently, butyl paraben (BuP) was shown to systemically beign absorbed in men after topical application, with high levels of native BuP being detected in plasma (Janjua et al., 2007) . This study showed rapid skin penetration and absorption with maximum levels achieved only 3 h after application to the whole body.
High levels of native parabens found in plasma shortly after application combined with their estrogenic properties, indicate the need for assessment of plasma concentrations from the general population and to assess potential health risks. Recent reviews (Boberg et al., 2010) concluded that improved studies on absorption, distribution, metabolism, and elimination (ADME) are required, specifically on uptake and metabolism in exposed individuals, as well as background human populations. Hitherto the most extensive background study has been on total paraben in urine from US citizens, where parabens were detected even in young children and adolescents (Calafat et al., 2010) . In that study it was concluded that there is a considerable human exposure to parabens.
The aim of this study was to assess the levels of metyl-, ethyl (EP)-, and propyl-parabens in their native form in plasma from women of the general population and further investigate the possible link to self-reported use of personal care products.
Methods

Study Participants and Collection of Blood Samples
The women taking part in the current study are all participants in the Norwegian Women And Cancer Study (NOWAC) , which consists of more than 1,72,000 women who have answered detailed questionnaires regarding their diet and lifestyle. From the original cohort, 50,000 women (born between 1943 and 1957) were randomly recruited in batches of 500 to the NOWAC postgenome study . In addition to answering questionnaires regarding lifestyle and defined exposures, these women also later donated blood samples. From a randomly selected batch of 500 women, 332 blood samples (blood drawn in 2005) were analyzed. All samples were frozen within 3 days of collection, and the sampling date and time were noted. All women participating in the NOWAC study were randomly selected. What has previously been reported for the NOWAC women is that the external validity is good and thus the women are representative for Norwegian women and their age (Lund et al., 2003) .
The women were asked the following questions related to their PCP use; ''How often do you use the following PCPs; facial cream, hand cream, body lotion and perfume?'' The questions had the following frequency alternatives for each product: ''rarely/never, 1-3 times per month, once per week, 2-4 times per week, 5-6 times per week, once per day, twice or more per day.'' The women were also asked about frequency of showering and whether they used soap or not when they showered.
As the NOWAC study was originally not designed to study PCPs and parabens, the women were not asked at the day of sampling whether they had used any of the products on the same day. It is therefore not possible to adjust for PCP use on the sampling day.
Total skin lotion use was assessed by combining facial cream, hand cream, and body lotion on the basis of the relative skin surface area of body, hands and face, and frequency of application. The Lund and Browder Chart for skin burns were used to estimate area of face (3.5%) and hands (6%) in relation to the total body surface area. For example, 100% per day equals applying skin lotion to your whole body once per day and 200% equals whole body twice per day.
Analytical Methods
All solvents and reagents were of suprasolv or lichrosolv grade and were purchased from Merck-Schuchard (Hohenbrunn, Germany), with exception of formic acid (98-100%), which was of p.a. grade. Ultragrade high-purity water was produced from a MilliQ-Advantage A10 water purification system (Millipore, Massachusetts, USA). Methyl paraben (MP) and butyl paraben (BuP) were purchased from Fluka (Steinheim, Germany), ethyl (EP), propyl (PP) and benzyl paraben (BzP) were purchased from Aldrich (Steinheim, Germany) and all were of 99% purity. Mass labeled compounds of 99% purity were used as internal standards and were purchased from Cambridge Isotope Laboratory (Massachusetts, USA): d 4 -MP (M þ 4) and 13 C 6 -BuP (M þ 6). Branched perfluorodecanoic acid (bPFDcA), purchased from ABCR (Karsruhe, Germany), 97% purity, was used as a recovery standard.
Plasma samples were extracted using a solid phase extraction (SPE) method on a Rapidtrace Automated SPE workstation (Zymark, Hopkinton, MA, USA). Samples were extracted on an Oasis HLB (540 mg; Waters, Milford, MA, USA) solid phase extraction (SPE) column. An internal standard mixture (20 ml of 200 pg/ml d 4 -MP and 240 pg/ml C 6 -BuP in methanol) was added to 0.5 g of plasma and vortexed for 10 s. Thereafter, 0.5 ml of formic acid and 0.5 ml of ultra high-purity water was added and the mixture was finally vortexed for 1 min.
The Oasis HLB column was conditioned with 6 ml methanol and 3 ml of a 5% methanol in 0.1 M aqueous HCl solution before the sample was loaded onto the column. After drying the column with pressurized nitrogen (5.0 grade) for 15 min, the analytes were eluted with 6 ml methanol. The extract was reduced in volume to B0.1 ml on a Rapidvap system (Labonco, Kansas City, MO, USA) and transferred to autosampler vials, with 10 ml of recovery standard (102 pg/ml in methanol) and 100 ml of ultra highpurity water being added to the extract. Analysis was carried out on a Acquity ultra performance Liquid Chromatograph (UPLC) from Waters coupled to a LCT Premier XE time-offlight (TOF) mass spectrometer (MS) (Waters), with atmospheric pressure chemical ionization (APCI) in negative mode. Using a 10 ml injection volume, separation was achieved on a Waters Acquity BEH Phenyl column (100 mm Â 2.1 mm ID, 1.7 mm particle size) using acetonitrile (A) and 10 mM aqueous NH 4 OAc (B) as the mobile phase with a flow rate of 0.45 ml/min. The following gradient program was applied: initial conditions 98% A/2% B, increased linearly over 6 min to 1% A/99% B, which was kept for 2 min, then reduced to 1% A/99% B over 0.1 min 98% A/2% B, and finally equilibrated for 1.9 min at 98% A/2% B, total run time of 10 min. Ionization conditions were as follows: probe temperature 350 1C, corona current 5 mA and N 2 desolvation gas flow 200 l/min. Cone voltage was kept at 50 V with a source temperature of 120 1C and aperture 1 at 3 V.
The MS was run in high-resolution (W) mode with R ¼ 10,000. Full scan spectra were recorded over the range m/z 100-1000. For quantification, extracted high-resolution mass chromatograms were used with a typical peak width of 50 mDa. Internal standard method was applied for quantification using isotope-labeled parabens. d 4À MP was used for quantification of MP, EP, and PB, and 13 C 6 -BP was used for quantification of BP and BzP. A five-point calibration curve (50, 100, 200, 400, and 600 pg injected on column) was used. The recovery standard (bPFDcA) was used for monitoring the recoveries of the internal standards from the extraction method. Solvent injections were carried out regularly during analysis in order to monitor instrument background and carry over effects.
QA/QC
Considering the lack of certified reference materials for determining parabens in plasma, as well as the high risk of elevated procedural blanks several quality assurance steps were implemented. The procedural blank contribution from the extraction and evaporation method was assessed by including three samples of ultra high-purity water with each extraction batch of 30 samples. The method precision was assessed from 25 repeated measurements of a low-level pooled plasma sample (unspiked) and a 10 ng/ml spiked pooled plasma sample over the 8-week period of analysis.
Great care was taken to prevent sample contamination. All personnel involved in sample handling and clean up used paraben-free PCP. All equipment, benches, and fume hoods were thoroughly washed with methanol before sample clean up. Furthermore, all personnel wore gloves and hair nets, and all paraben-containing products (e.g., soaps) were removed from the laboratory the week before the sample clean up was conducted.
Statistical Evaluation
SAS (version 9.1.3, SAS Institute, Cary, NC, USA) was used for the statistical analysis. Statistical assessment of differences between the different PCP user groups was carried out using the Jonckheere-Terpstra test, a non-parametric test for a monotone trend across ordered groups. For correlations the Spearman's rank correlation test was used. Po0.01F significant trend.
Results
QA/QC
The concentrations of parabens determined in an unspiked and a 10 ng/ml spiked plasma pool are presented with the calculated method detection limits (MDLs) in Table 1 . MP and PP was present in 100 and 70% of the blank samples, respectively. Thus the MDL was calculated using three times the blank levels for these two parabens. EP was not detected in any of the blank samples, therefore MDL for EP was reported as the instrumental detection limit by the QuanLynx software (3 Â signal-to-noise ratio). The average blank levels were not subtracted from the measured levels, as the 10 ng/ml spike solution only overestimated the levels by B15%.
The semiautomated extraction procedure and sample handling precautions described previously resulted in only minor variations in the blank levels for MP and PP, with an average of 2.2 (SD 0.9, N ¼ 15) and 0.4 ng/ml (SD 0.5, N ¼ 15), respectively.
The relative standard deviation (RSD), an estimate of inter-and intra-day variability of the method, ranged from 1.5-11.9% (Table 1 ). The recoveries of the internal standards varied between 45-67%.
Study Group Characteristics
The women randomly selected for this study were on average 55 years old (range: 48-62 years). As the NOWAC study was not designed to study PCP use and parabens, bias in terms of product use and pre-selection of women choosing to participate was avoided. In all, 25% of women sampled used body lotion at least once a day with 55 and 28% reporting use of facial cream ''once'' and ''twice or more per day'', respectively. For hand lotion 24 and 32%, applied it ''once'' and ''twice or more per day'', respectively in (Table 2) . Self-reported use of hand cream, facial cream, and body lotion was correlated; facial cream/hand cream r 2 ¼ 0.30 (Po0.001), facial cream/body lotion r 2 ¼ 0.27 (Po0.001), hand cream/body lotion r 2 ¼ 0.39 (Po0.001).
Concentrations of Parabens and Self-Reported use of PCPs
All parabens were detected in their native form above MDL in 63% (MP), 29% (PP), and 22% (EP) of the plasma samples from the women participating in this study. The overall median level was above MDL only for MP (9.4 ng/ml) and below MDL for EP and PP. The concentrations of all three parabens were significantly correlated. For the analysis of BuP and BzP, the interferences in the chromatograms were too large for an accurate determination and they are thus not included in this study. The median level of MP was higher in the groups of individuals reporting a more frequent use of PCP compared with a lower frequency (Table 3) . PP and EP were not included in the table, as PP was only detected above MDL in women who used body lotion ''once a day'' (2.2 ng/ml) and ''twice or more per day'' (4.0 ng/ml). EP was only observed above MDL for the latter group of body lotion users (2.4 ng/ml). The median level of EP and PP for the use of hand and facial cream was below MDL in all user groups.
Using the non-parametric Jonckheere-Terpstra test for statistical trends with increasing use of the different PCP in question, the change for MP, EP, and PP was highly significant (Po0.0001) for all PCP, except for PP and facial cream (P ¼ 0.09). For some of the infrequent user groups, the maximum levels were comparable to the maximum levels observed for the frequent users.
The concentrations of all three parabens and total skin care product use (% of skin area creamed per day) is indicated in Table 4 . The median level of MP is graphically illustrated in Figure 1 . Figure 1 shows a clear increase in the median level of MP by increasing percentage of skin area creamed per day. The observed trend is significant (non-parametric Jonc- kheere-Terpstra test) for all three parabens (Po0.001), but increase for EP and PP only appear among the participants applying skin lotion to more than 100% of their skin surface per day (Table 4) . High concentrations were also observed among infrequent users. The maximum level of MP (142.9 ng/ml) was observed in the 150-200% group. The maximum level for EP (45.9 ng/ml) and PP (43.9 ng/ml) was observed in the 50-100% group. Showering (with and without soap), perfume, age, and body mass index (BMI) did not significantly affect the concentrations of parabens detected. There was no significant association with concentration of any of the parabens and sampling time (hour of the day).
Discussion
The calculation of ''total body area creamed per day'' from the frequency of use of body, hand, and face lotions, resulted in one cumulative exposure variable. This clearly gave a better average estimate of exposure than analyzing the three variables separately. Further it increased the exposure range and thus the likelihood of identifying true significant associations.
Concentrations of parabens were significantly associated with self-reported use of PCP, which was most clearly demonstrated for MP (Figure 1 ), but also for PP and EP. This clearly shows that despite short half-lives, elevated plasma concentrations of native MP, EP, and PP can result from continuous use of skin lotions. This study focused on the native parabens as an assessment of internal dose, and did not determine the total amount of parabens (i.e. the sum of native parabens, p-hydroxybenzoic acid and phase II conjugates).
The automated analytical extraction method enabled a fast and cost-efficient determination of MP, EP, and PP in small volumes of human plasma (0.5 ml). Despite elevated MDLs, the method resulted in reproducible blank contamination with little risk of finding false positives, with a RSD of less than 12% for all parabens. Lower blank values have previously been achieved using an online SPE system coupled to a HPLC-MS system (Ye et al., 2008 ). An online technique may be considered a preferred option in order to avoid contamination.
High levels of MP, EP, and PP were detected in a number of individuals even though relatively few participants had concentrations above MDL for EP (22%) and PP (29%). MP in its native form was detected in as many as 63% of the participants. This study provides data on native paraben plasma concentrations within the general population, which has not yet been published (Boberg et al., 2010) . Furthermore, parabens were analyzed in their native form in order to assess the actual levels of the unchanged form, which is also more relevant for the estrogenic effects (Soni et al., 2005) .
Native and conjugated parabens have previously been investigated in human serum (Ye et al., 2008) . In 15 individuals, low levels of native parabens were identified; however, more than 87% of the detected parabens were present as conjugated metabolites. The reported median level of native MP (9.4 ng/ml) in this study was considerably higher than the value (0.2 ng/ml) reported by Ye et al. (2008) , but similar to their value reported for total MP (10.9 ng/ml). These levels of native MP are supported by recent findings in human milk, in which a maximum concentration of 8 ng/ml was reported (Schlumpf et al., 2010) .
The most comprehensive study on parabens conducted by the US NHANES investigated both native and conjugated form in urine samples (Calafat et al., 2010) . However, little is known about the metabolism (i.e. pharmacokinetics) of parabens for a proper assessment of internal dose on the basis of urinary concentrations. Therefore, direct comparisons between plasma and urine cannot be made.
This study presents the first report of native MP, EP, and PP in plasma from the general population. The high concentrations detected seem plausible considered that high mean concentrations of BuP (135 ± 11 ng/ml) were detected 3 h after whole-body application with cream containing 2% BuP (Janjua et al., 2007) . Although maximum concentrations for PP (43.9 ng/ml) and MP (129.3 ng/ml) were lower in our study, it could be due to differences in adsorption rates and/or lower paraben content in the products used. In commercially available PCP the total paraben content is supposed to be lower than 0.8% within the EU, which is 40% of the cream used by Janjua et al. (2007) . The high concentration of native parabens identified in this study is not likely caused by hydrolysis of conjugates as paraben conjugates in human serum have been shown to be stable over 30 days when stored at 371C (Ye et al., 2009 ). The contribution of conjugate hydrolysis is therefore considered negligible to the values reported.
Highly significant trends were observed for paraben levels (with the exception of PP and facial cream) and frequency of skin care product use. Linear trends were observed for MP, whereas the trends for EP and PP was most significant in groups with highest use (''once per day'' and ''twice or more per day''). The impact of shower frequency and whether the women used soap or not when they showered was also investigated, but no significant impact on the paraben levels was observed. The shower frequency was highly correlated with the use of skin care products, and it seems clear that the amounts of lotion or parabens in the lotion masks the potential effects of products used when showering.
Despite the significant trends, high concentrations were also detected among some of the infrequent users. However, this could be explained by a number of factors like application of other paraben containing products or lotion the same day. There was no connection with the use of vaginal creams or sun lotions, but there could be other products like medicine and food that there was no information available for. The participants would also apply different amounts of products and the questionnaire does not consider this nor lotion use on the day of the sampling. Questionnaire information was obtained several months before they actually donated the blood sample and it is thus impossible to know which women applied skin care products on the day of donating the blood samples. On the basis of results by Janjua et al. (2007) , it is evident that high concentrations of the native form of the parabens can be expected shortly after whole-body application (i.e. within hours). The strong association between concentrations and questionnaire information indicates consistent use of PCP with time by the participants in the NOWAC study. This can be used in future follow-up studies to classify the women based on their paraben exposure. The calculation of total body area creamed on the basis of frequency and percent area of hands, face, and body was considered a valid approach as the relationship between use and concentrations became more evident.
The findings of elevated levels of native parabens in plasma from the general population give reason for concern. The strong and significant association with use of skin care products clearly shows that repetitive use of these products increases the exposure to native parabens. These findings clearly emphasize the need for epidemiological studies on the possible health effects of continuous paraben exposure in the general population.
